Meso-2,3-dimercaptosuccinic acid (DMSA, or succimer) is an orally active cheating agent recently approved by the U.S. Food and Drug Administration for the treatment of childhood lead poisoning (1) . Aside from its specified use in children (2, 3) , the drug has been reported to be clinically effective in the treatment of occupational plumbism (4-6), mercury vapor exposure (7) and acute arsenic poisoning (8) . Increases in urinary heavy-metal elimination have been consistently reported in these studies, with little effect on essential mineral excretion (2-5.
Research concerning the pharmacokinetics and disposition of DMSA in humans includes a phase I [ 4C]DMSA study (9) and several single-dose HPLC studies (10) (11) (12) . Collectively, these studies of normal male volunteers have led to the concusion that about 20% of an administered dose is eliminated in the urine; the remainder has been presumed to be unabsorbed.
In addition, DMSA appears to be extensively metabolized in that 89% of the drug recovered in urine was in the form of mixed disulfides with the amino acid cysteine (10) ; the major metabolite contained two cysteine residues, while a minor metabolite contained one. We conducted a controlled study of the pharmacokinetics of DMSA in children with elevated blood lead (BPb) concentrations, a subject about which little is known (13) . Because lead poisoning is believed to inhibit renal uric acid secretion (14) and is known to impair hepatic cytochrome P450-mediated drug metabolism (15) , we set out to test the hypothesis that lead poisoning might alter the kinetics and disposition of DMSA. To our surprise, we observed a pattern of postprandial (after meals) peaks in urinary DMSA elimination, which was highly suggestive of enterohepatic circulation. We therefore conducted two additional studies (in adults) to determine whether the presumed enterohepatic circulation could be blocked by the administration of cholestyramine and whether gut microflora are required for DMSA reentry. During the course of our work, Dart and co-workers evaluated the pharmacokinetics of DMSA in three children and three adults with lead poisoning and reported that renal DMSA clearance was decreased in comparison to that in healthy adult males (16 We first conducted a pilot study to determine whether cholestyramine could bind DMSA in vitro. Standard solutions of 20 mM, 10 mM, 4 mM, and 2 mM DMSA were prepared from a 40-mM stock solution using either deionized water or deionized water containing cholestyramine. The DMSA solutions were electrolytically reduced, derivatized with MBB (to give final DMSA concentrations of 50 pM, 25 pM, 10 pM, and 5 pM) and then analyzed by HPLC; DMPS served as an internal standard in the HPLC analyses (see "Analysis" below). On average, there was a 98.5% decrease in the ratios of DMSA peak area to DMPS peak area when the DMSA standard solutions were prepared from the stock solution using cholestyramine instead of deionized water.
Three male and three female normal adult volunteers were recruited as subjects for the study: two were Hispanic, two were African-American, and two were Caucasian. Normal physical exams and baseline laboratory tests (complete blood cell count and blood chemistries) were required for enrollment into the study.
This was a single dose, randomized, cross-over study. Each subject was admitted twice to the Clinical Research Center. After an overnight fast, three subjects received 10 mg/kg DMSA orally without cholestyramine, and three received DMSA followed by cholestyramine orally. Standardized high-fat meals were given at 5 and 10 hr after administration of DMSA. When cholestyramine was given, 8 g were administered three times at 4, 8, and 12 hr after DMSA. One week later, the subjects were crossed over. Eighteen urine samples were collected over the next 15 hr and analyzed for unaltered and total DMSA. In addition, 29 blood samples were obtained at specified intervals over the 15-hr period for measurement of total DMSA. Plasma was immediately separated and frozen at -20°C.
Study 3: Influence of Neomycin
Drug metabolites excreted in bile as polar conjugates often require hydrolysis by gut microflora to reform the more absorbable parent drug molecule (18) . The objective of this study was to determine whether gut microflora are required for the enterohepatic circulation of DMSA.
Although these were not the same subjects as those in study 2, their gender and ethnic distributions were the same. Normal physical exams and baseline laboratory tests were required for participation in this study. Each subject was then admitted twice to the Clinical Research Center for a single dose, randomized, cross-over study. After an overnight fast, three subjects received 10 mg/kg of DMSA orally without neomycin, and three received neomycin orally the day before the study (1 g at 0600, 1200, 1800, and 2400 hr) and DMSA followed by neomycin on the day of the study. The subjects received 1 g neomycin twice, at 4 and 10 hr after DMSA. One week later, the subjects were crossed over. The protocol for blood sampling and the schedule and composition of meals was the same as for study 2.
Analysis
Measurements of unaltered and altered DMSA in urine. We used a published assay (19) based on the HPLC separation of a highly fluorescent and stable derivative of DMSA. The derivative is prepared by the reaction of the sulfhydryl groups of DMSA with the methylene bromide moiety of MBB in aqueous solution at pH 8.3. We modified the method by adding the internal standard, DMPS, before the electrolytic reduction step. To assure that our assay was consistent with that of Maiorino et al. (19) , portions of approximately 300 urine samples from study 1 were sent to Maiorino and Aposhian for analysis at the University of Arizona. There was excellent agreement between our laboratories.
Briefly, 500 pL of each urine sample were derivatized immediately after voiding with MBB and these were analyzed to determine the concentration of unaltered DMSA. Separate 20-mL aliquots of each sample were frozen until analyzed, then electrolytically reduced and derivatized with MBB. [Electrolytic reduction of DMSA was carried out using custom synthesized mercury pool electrolytic cells connected in series (20) ]. HPLC analyses of the latter samples provided total DMSA concentrations. The concentration of altered DMSA was obtained as the difference between the total and free DMSA concentrations. Quantification was accomplished by adding DMSA standards to "blank" urine samples that were collected before drug administration and treating them in the same manner as the post-drug urine samples (19) (20) (21) .
We put the remaining volume of each urine sample in 100-ml sterile polypropylene containers and froze them; aliquots of these samples were used to determine urine lead concentrations.
HPLC conditions. A Perkin-Elmer LC-600 autosampler, LC-250 pump, LS 40 fluorescence detector, and model 914 reporting integrator were used. The fluorescence detector was set at an excitation wavelength of 391 nm and an emission wavelength of 483 nm. Separation was accomplished by ion-interaction chromatography with a reverse-phase Spherisorb S5 ODS2 column (25 x 4.6 mm; 5 pm particle size; Rainin, Woburn, Massachusetts). Mobile phase A consisted of 0.02 M TBAB and 0.01 M acetic acid in methanol; mobile phase B contained the same concentrations ofTBAB and acetate in water (pH 4.1). Initial conditions consisted of isocratic elution of 52% A:48% B for 10 min. Mobile phase A was then increased to 90% over a 2-min linear gradient and maintained for 5 min, after which it was returned to 52%, again over a 2-min linear gradient. Isocratic elution at 52% AA48% B continued for an additional 11 min to re-equilibrate the column. A flow rate of 1 mL/min was maintained throughout the 31-min run.
Urine and BPb analyses. Urine and BPb concentrations were determined by graphite furnace atomic absorption spectrometry using a modified version of the method of Fernandez and Hilligoss (22 
The method for determining total DMSA in the plasma samples was similar to the one used in preparing the DMSA standards except that 200 pL of the subject's plasma was used in place of the 50 IiL of DMSA standard and 150 pL of blank plasma.
Pharmacokinetic analyses. The area under the curve (AUC) was calculated by the trapezoidal method for the interval between 5 hr (i.e., 1 hr after the first dose of cholestyramine was given) and 15 Urinary excretion of lead and unaltered and altered DMSA were plotted against time for each child, and a consistent pattern was observed. Figure 1 illustrates data from two typical children. Unaltered DMSA excretion peaked around 4 hr and then fell and remained at baseline. Altered DMSA excretion peaked slightly later, returned almost to the baseline, and then subsequently rose slightly after each meal. Urinary lead elimination also rose after meals.
We used urine drug measurements to obtain crude estimates of the early DMSA half-life of elimination. The early half-lives ranged from 1.7 to 3.8 hr, with an overall mean of 2.6 hr. In the two groups that received 350 mg/m2 and 700 mg/mi2, the mean half-lives of 2.8 ± 1 hr and 2.5 ± 0.6 hr, respectively, were not significantly different.
There was a significant positive correlation between the initial BPb and DMSA half-life (r = 0.668, p = 0.049). In other words, high BPbs were associated with longer half-lives of elimination of DMSA. This finding supports the hypothesis that In all six subjects, when DMSA was administered alone, postprandial peaks in plasma DMSA were obvious, particularly after dinner, 10 hr after DMSA administration; data from two typical subjects are illustrated in Figure 2 . Cholestyramine administration at 4, 8, and 12 hr abolished all evidence of DMSA reentry (Fig. 2) . On average, cholestyramine significantly decreased the DMSA versus time AUC(5-15 hr) by 20% (t = 13.643, p < 0.001; paired t-test). Cholestyramine did not significantly affect Cmax (54 + 10 pM versus 55 ± 10 1iM), tmax (2.5 ± 0.4 hr versus 2.4 ± 0.6 hr) or the initial DMSA halflife (0-5 hr) (4.1 ± 1.4 hr versus 3.3 ± 1.4 hr). Overall, these findings were taken as support for the hypothesis that DMSA undergoes enterohepatic circulation and that this recycling of drug can be interrupted by cholestyramine.
On average, 18.3 ± 4.9% of the administered dose was recovered in urine in 15 hr when DMSA was administered alone; the range was 11.0-26.3%. Of the drug eliminated in the urine, the percentage eliminated in the unaltered form varied from 11 to 25% across all subjects.
Study 3: Influence of Neomycin
The six subjects had a mean age of 24 ± 5 years and a mean BPb of 2.9 ± 1.1 jig/dL.
When DMSA was administered alone, postprandial peaks in plasma DMSA were again obvious (Fig. 3) . Neomycin administration before and after DMSA abolished all evidence of DMSA reentry (Fig. 3) . On average, neomycin significantly decreased Cm. On average, 10.1 ± 3.5% of the administered dose of DMSA was recovered in the urine in 15 hr when DMSA was administered alone; the range was 6.9-15.7%. Of the drug eliminated in the urine, the percentage eliminated in the unaltered form varied from 18 to 35% across all subjects.
Discussion
The cyclical pattern of excretion of altered DMSA in urine observed in children in study 1 (Fig. 1) is typical for drugs excreted in bile and undergoing enterohepatic circulation (18) . These data, together with our documentation of postprandial reentry peaks of DMSA in plasma (Figs. 2 and 3) , lead us to conclude that one or more metabolites of DMSA undergoes enterohepatic circulation. Because compounds excreted in human bile are typically highly polar and have molecular weights >400 daltons (18) , we speculate that glucuronides of DMSA and/or its mixed disulfides may be secreted into bile.
Although neomycin can interfere with several small intestine functions, its administration has been used to demonstrate a role of microflora in the enterohepatic circulation of other drugs (23) . In the current study, neomycin decreased AUC and abolished the postprandial peaks of DMSA in every subject. The decrease in AUC by neomycin was likely due to both impairment of absorption of the initial DMSA dose (as indicated by reduced Cmax) and interruption of enterohepatic circulation (indicated by abolition of postprandial peaks of DMSA); an unlikely but possible explanation is that neomycin bound DMSA and prevented its absorption. (12) first speculated that DMSA may be a prodrug after observing that DMSA was rapidly and extensively eliminated in the altered form. They subsequently reported that the major metabolite of DMSA is the 1:2 DMSA:cysteine mixed disulfide (10) . They have since synthesized the 1:2 DMSA:cysteine metabolite and administered it to leadpoisoned rats to examine its efficacy (27 (9) . HPLC studies in adults also estimated urinary drug recovery at 20% (12) . We recovered only about 5% of the administered dose in urine in the children in study 1, an unexplained observation that requires further study; across the two subsequent studies in adults, we recovered an average of 14.2% of the administered dose of DMSA in urine in 15 hr. In the 14C study, it was assumed that fecal radioactivity represented unabsorbed drug (9) . Our findings imply that fecal drug elimination is partially derived from bile. Also, while the initial tl/2e of [14C]DMSA was 2.1 hr, comparable to those observed in our studies, a terminal tl/2e of 2.1 days was also reported. We suspect that the long second phase of elimination may reflect storage of drug metabolites in the gallbladder.
The observation that DMSA and/or a metabolite undergoes enterohepatic circulation also implies that the drug may also induce biliary excretion of heavy metals. All previous studies concerning the efficacy of DMSA in patients with lead poisoning have ignored this possibility; only urinary lead was followed (2-5). For example, in a dose-ranging study of DMSA in children, the decline in BPb in response to a 5-day course of oral DMSA was found to be significantly greater than that in response to intravenous CaNa2EDTA. Yet, urinary lead output was significantly higher in patients treated with CaNa2EDTA than in those who received oral DMSA (2 ratio of arsenic concentrations. In contrast, DMSA was not detected in bile after intravenous DMSA administration in the rat (31) . It is possible that biliary DMSA excretion may only occur after oral drug administration; alternatively, the known species differences in drug biliary excretion may be responsible (18) .
Finally, we note that enterohepatic recycling has both pharmacokinetic and pharmacodynamic implications. In the event of an accidental DMSA overdose, cholestyramine may prove to be therapeutically useful. Renowden et al. (32 success- fully treated a case of warfarin overdose with cholestyramine. The latter is a far more palatable antidote than traditional activated charcoal.
